lung; peroxisome proliferator-associated receptor-␥; PMA; Pseudomonas aeruginosa EXPOSED TO MORE THAN 10,000 liters of air each day, the human respiratory tract constitutes a major interface with the external environment. An acute inflammatory response is mounted in the airways following exposure to airborne pathogens. While respiratory inflammatory responses restrain colonization by microbial pathogens, they must also be tightly regulated to maintain normal lung function. In this regard, a diverse and growing repertoire of molecules have been shown to suppress airway inflammation (13, 18, 35, 43, 50, 54, 62) , including the peroxisome proliferator-associated receptor-␥ (PPAR␥; Refs. 5, 11, 57) and MUC1 (25, 36, 40, 55) . For review, see Refs. 7, 15, 51. Why so many anti-inflammatory molecules exist in the airways, and whether they interact among themselves or with other as yet unidentified molecules, remain to be determined.
PPARs comprise a family of nuclear receptors that function as transcription factors to regulate gene expression (4, 27) . Following ligand engagement, PPARs translocate to the nucleus, heterodimerize with retinoid X receptors (RXRs), and the PPAR/RXR complexes bind to PPAR response elements in gene promoters. Depending on the target gene(s) affected, PPARs regulate a variety of cellular processes, including differentiation, development, metabolism, tumorigenesis, and inflammation. In the latter case, PPARs control the expression of inflammatory genes by negative interference with NF-B, activating protein-1, stimulating protein 1 (Sp1), and signal transducer and activator of transcription-1 (6) .
Three subtypes of PPARs are known, PPAR␣, PPAR␤, and PPAR␥. PPAR␥ is expressed as two isoforms, PPAR␥1 and PPAR␥2, that differ by the presence of a unique 30 amino acid segment in the latter (14) . PPAR␥2 is primarily expressed in adipose tissue, while PPAR␥1 is expressed in the lung, heart, skeletal muscle, intestine, kidney, pancreas, spleen, breast, and lymphoid tissues (56). Both PPAR␥ molecules are activated by prostanoids, a subclass of eicosanoids consisting of prostaglandins, thromboxanes, and prostacyclins. Synthetic PPAR␥ ligands, such as the thiazolidinediones (TZDs or glitazones; Ref. 16) , have been developed that suppress inflammation both in vitro and in vivo (4, 35, 57, 58) , including the airway inflammatory response following lung infection with Pseudomonas aeruginosa (46) . However, the mechanisms by which PPAR␥ downregulates inflammation are not completely understood.
MUC1 (MUC1 in human, Muc1 in animals) is a membranetethered, heterodimeric glycoprotein expressed on the apical surface of most simple mucosal epithelia, as well as the surface of hematopoietic cells (45) . Our previous studies (32, 36, 40) showed that MUC1/Muc1 plays an important anti-inflammatory role during airway infection by bacterial and viral pathogens. In particular, Muc1 Ϫ/Ϫ mice responded to P. aeruginosa infection with higher levels of bronchoalveolar lavage (BAL) fluid cytokines and chemokines and greater numbers of BAL fluid inflammatory cells, coincident with increased bacterial clearance from the lungs, compared with Muc1 ϩ/ϩ littermates (40) . In vivo and in vitro mechanistic studies in human and mouse model systems revealed that an initial increase in TNF-␣ levels early during the course of P. aeruginosa lung infection upregulated MUC1/Muc1 expression, which, in turn, suppressed Toll-like receptor-5 signaling and downstream inflammatory responses (8, 28) . In effect, MUC1/Muc1 acts through a feed-back loop mechanism in an anti-inflammatory manner during airway infection by microbial and viral pathogens (for review, see Ref. 25 ). Interestingly, the MUC1/Muc1 gene promoters contain a putative PPAR␥-binding site, and ligand-induced activation of PPAR␥ was reported to increase Muc1 mRNA levels in a mouse trophoblast cell line (52) . Therefore, in this study we asked whether the anti-inflammatory effect of PPAR␥ is mediated through the expression of MUC1/Muc1 in airway epithelial cells. The anti-inflammatory effect of PPAR␥ agonists has been extensively demonstrated in various cell culture systems. In the present study, we employed a well-established in vitro model in which PPAR␥ has been shown to inhibit PMA-induced production of inflammatory cytokines (23) .
MATERIALS AND METHODS
Materials. All materials were from Sigma (St. Louis, MO) unless otherwise stated.
Cell culture. A549 cells, a human lung adenocarcinoma cell line (CCL-185, ATCC, Manassas, VA), were seeded in RPMI 1640 medium containing 10% FBS (GIBCO-BRL, Gaithersburg, MD) in 24-well plates at 5.0 ϫ 10 4 cells/well and cultured overnight to confluence at 37°C in 5% CO2. Primary mouse tracheal surface epithelial (MTSE) cells were isolated by pronase digestion of whole trachea from male FVB mice at 10 -15 wk of age and cultured on a thick collagen gel in 24-well plates at 37°C in 5% CO 2 as described previously (41) . All protocols were approved by the Temple University School of Medicine Institutional Animal Care and Use Committee.
Phorbol 12-myristate 13-acetate and troglitazone treatments. A549 or MTSE cells in 24-well plates were washed with PBS and incubated for 24 h at 37°C with 1.0 M phorbol 12-myristate 13-acetate (PMA), or with DMSO vehicle control, in RPMI 1640 medium containing 0.1% FBS (A549 cells) or in DME/F-12 medium containing 5.0 g/ml insulin, 5.0 g/ml transferrin, 12.5 ng/ml epidermal growth factor, 10 Ϫ7 M hydrocortisone, 10 Ϫ7 M retinoic acid, 10 Ϫ7 M sodium selenite, 0.2% bovine pituitary extract, and 5.0% FBS (Hyclone, Logan, UT; MTSE cells). The cells were pretreated for 1 h with 1.0 M troglitazone (TGN) or DMSO vehicle control before incubation for 24 h with PMA.
P. aeruginosa treatment. P. aeruginosa strain K (PAK) was cultured in Luria broth at 37°C for 16 h, and an aliquot of the bacterial culture was cultured for an additional 2 h to produce bacteria in log phase. The PAK culture was centrifuged for 10 min at 600 g, heat killed at 60°C for 1 h, and resuspended in sterile PBS. A549 cells in 24-well plates were washed with PBS, pretreated for 1 h with 1.0 M TGN or DMSO vehicle control, and incubated for 24 h at 37°C with 1.0 ϫ 10 8 colony-forming units of heat-killed PAK, or with PBS vehicle control, in RPMI 1640 medium containing 0.1% FBS.
TNF-␣ and IL-8 ELISA. ELISAs for mouse and human TNF-␣ and human IL-8 in cell culture supernatants were performed as described previously (28) using appropriate capture and detection antibodies (R&D Systems, Minneapolis, MN). All samples were analyzed in triplicate, and standard curves were performed on each plate.
Transient transfection and luciferase assay. A549 cells at 90 -95% confluence in 24-well plates were transfected with plasmid DNAs or small interfering (si)RNAs (17) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instruction. Plasmid DNA samples were 800 ng/well of a full-length MUC1 cDNA (38) , or the pcDNA3.1 empty vector control, or a MUC1 promoterfirefly luciferase reporter plasmid (MUC1-pGL2b; Ref. 30) , or the empty pGL2b vector control, plus 10 ng/well of phRL-TK internal control plasmid encoding Renilla luciferase (Promega, Madison, WI). In cells transfected with MUC1-pGL2b or pGL2b empty vector, luciferase activity was determined using the Dual Luciferase Assay System (Promega) and a microplate luminometer (Lmax; Molecular Devices) as described previously (28) .
MUC1 immunoblotting. A549 and MTSE cells were lysed with PBS pH 7.2, 1.0% NP-40, 1.0% sodium deoxycholate, and 1.0% protease inhibitor cocktail. Equal protein aliquots were resolved on 15% SDS-acrylamide gels and analyzed by immunoblotting with monoclonal antibody CT2 against the MUC1 cytoplasmic tail as described previously (28) . To control for protein loading and transfer, blots were stripped and reprobed with antibody against ␤-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA).
EMSA. A549 cells were untransfected or were transiently transfected as described above with expression plasmids encoding human PPAR␥ and/or RXR␣ (generous gifts of Dr. Mitchell A. Lazar, University of Pennsylvania, Philadelphia, PA) or with the pcDNA3.1 empty vector. The cells were incubated for 24 h with 0.1, 1.0, or 10 M TGN or with DMSO vehicle control, and nuclear extracts were prepared as described previously (30) . Briefly, cells were washed three times with ice-cold PBS containing 1.0 mM PMSF, and lysed with 10 mM HEPES-KOH pH 7.8, 1.5 mM MgCl 2, 10 mM NaCl, 1 mM dithiothreitol (DTT), 0.25% Igepal CA-630, 1.0 mM PMSF, and 1.0% protease inhibitor cocktail on ice for 10 min. Nuclei were pelleted by centrifugation (1 min at 1,250 g at 4°C) and lysed in 20 mM HEPES-KOH pH 7.8, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2, 0.2 mM EDTA, 1.0 mM DTT, 1.0 mM PMSF, and 1.0% protease inhibitor cocktail for 30 min on ice. The nuclear lysate was centrifuged at 13,200 g for 5 min at 4°C. The supernatant was collected and dialyzed against 20 mM HEPES-KOH pH 7.8, 20% glycerol, 50 mM KCl, 0.2 mM EDTA, 1.0 mM DTT, 1.0 mM PMSF, and 1.0% protease inhibitor cocktail for 2 h at 4°C. Protein concentrations were measured as described above. Nuclear extracts (2.0 or 10 g) were incubated for 20 min at room temperature with 25 fmol of a biotinylated oligonucleotide probe identical in sequence to nucleotides Ϫ93 to Ϫ66 of the MUC1 promoter (5=-GAGTTTTGTCACCT-GTCACCTGCTCCGG-3=) and corresponding to the antisense strand of the putative PPAR␥-binding element (underlined sequence). Addition of 100-fold molar excesses of the unlabeled probe of identical sequence, or a probe with identical nucleotide composition but scrambled sequence, was used as positive and negative controls, respectively. Incubation buffer was 20 mM Tris·HCl pH 8.0, 250 mM KCl, 5.0 mM DTT, 0.5 mM EDTA, and 62.5% glycerol. In some experiments, nuclear extracts were incubated in the presence of 1.0 g of a human PPAR␥-neutralizing antibody (Santa Cruz) to remove PPAR␥ protein. The DNA-protein complexes were resolved on 5.0% polyacrylamide gels in 89 mM Tris base, 89 mM boric acid, and 2.0 mM EDTA, blotted to PVDF membranes, probed with streptavidin-labeled horseradish peroxidase and enhanced chemiluminescence reagents, and visualized as described above.
Quantitative RT-PCR. A549 cells were treated for 24 h with 0 (DMSO vehicle control), 0.1, or 1.0 M TGN, total RNA was isolated using the Mini RNA Isolation II kit (Zymo Research, Orange, CA), and quantitative RT-PCR for MUC1 or GAPDH internal control mRNAs was performed as described previously (28) . The levels of MUC1 transcripts were normalized to GAPDH transcripts, and the normalized levels in TGN-treated cells were compared with those of DMSO-treated cells using the 2
Ϫ⌬⌬Ct method (28). Statistical analysis. Statistical analysis was carried out using oneway ANOVA followed by the Tukey's range test for post hoc multiple comparisons. A significant difference was accepted at P Ͻ 0.05.
RESULTS

PMA stimulates TNF-␣ production by airway epithelial cells.
PMA is reported to elicit a proinflammatory response in the 1HAEo Ϫ human tracheobronchial epithelial cell line (22) , but the effect of this phorbol ester on primary airway epithelial cells or downstream cytokine production is less clear. Therefore, primary MTSE and A549 cells were treated with 1.0 M PMA, or with the DMSO vehicle control, for 24 h, and TNF-␣ levels in cell culture media were measured by ELISA. In the case of MTSE cells, retinoic acid was removed from the culture medium at 80% confluence since retinoic acid has been shown to inhibit the effect of PMA (9, 24) . As shown in Fig. 1 , PMA treatment increased TNF-␣ levels in both cell types compared with DMSO treatment.
Manipulation of MUC1 expression inversely correlates with PMA-induced TNF-␣ production. Alteration of MUC1 expression, either by in vitro MUC1 plasmid transfection of HEK293T cells or by in vivo genetic deletion in Muc1 Ϫ/Ϫ mice, inversely correlates with TNF-␣ production in response to inflammatory stimuli (55) . Therefore, we sought to determine whether MUC1/ Muc1 expression affected PMA-stimulated TNF-␣ levels in airway epithelial cells. A549 cells overexpressing MUC1 had moderately, but statistically significant, reduced levels of TNF-␣ following treatment with 1.0 M PMA for 24 h, compared with PMA-treated cells transfected with the empty vector control ( Fig. 2A) . Conversely, primary MTSE cells from Muc1 Ϫ/Ϫ mice had increased PMA-stimulated TNF-␣ levels, compared with Muc1 ϩ/ϩ MTSE cells (Fig. 2B) . Western blot analysis confirmed ectopic MUC1 overexpression and Muc1 deletion in the respective cells (Figs. 2, C and D) . Further, PMA treatment of MUC1-transfected A549 cells did not affect MUC1 expression (Fig. 2C) . and Muc1 Ϫ/Ϫ mice were analyzed by immunoblotting with anti-MUC1 cytoplasmic tail antibody. In C and D, to control for protein loading and transfer, blots were stripped and reprobed for ␤-tubulin. Results were reproducible in a separate experiment.
TGN inhibits PMA-stimulated TNF-␣ production by airway epithelial cells through MUC1/Muc1
. PPAR␥ plays an important regulatory role in airway inflammatory responses (48, 49) . Therefore, we asked whether activation of PPAR␥ in A549 and/or MTSE cells influenced PMA-induced TNF-␣ levels and, if so, what was the role of MUC1/Muc1 in this response. A549 and MTSE cells pretreated for 1 h with the PPAR␥ agonist, TGN (1.0 M) before PMA treatment had reduced levels of TNF-␣ in culture media, compared with cells treated with PMA alone (Fig. 3) . In contrast, TNF-␣ levels were equal in Muc1
Ϫ/Ϫ MTSE cells treated with PMA alone or with PMA plus TGN (Fig. 4A) . The viability of Muc1 ϩ/ϩ and Muc1
Ϫ/Ϫ MTSE cells was unaffected by either of the treatment protocols (data not shown). As a confirmatory approach, A549 cells were transiently transfected with a MUC1-targeting siRNA, or a nontargeting negative control siRNA, and TNF-␣ levels were measured in culture supernatants following treatment with PMA alone or with PMA plus TGN. As shown in Fig. 4B , while TNF-␣ levels were decreased in control siRNA-transfected cells treated with PMA plus TGN, compared with PMA alone, the levels of the cytokine were equal in MUC1 siRNAtransfected cells treated with PMA alone or with PMA plus TGN. Western blot analysis verified Ͼ90% MUC1 protein knockdown in MUC1 siRNA-transfected A549 cells (Fig. 4C) .
TGN inhibits P. aeruginosa-stimulated IL-8 production by A549 cells through MUC1.
To determine the role of PPAR␥ in P. aeruginosa-stimulated IL-8 production, A549 cells were transfected with the MUC1 siRNA or negative control siRNA, pretreated for 1 h with 1.0 M TGN or DMSO vehicle control, and treated for 24 h with PAK or PBS control, and IL-8 levels in culture media were measured by ELISA. While IL-8 levels were decreased in control siRNA-transfected cells treated with PAK plus TGN, compared with PAK alone, the levels of the cytokine were equal in MUC1 siRNA-transfected cells treated with PAK alone or with PAK plus TGN (Fig. 5) . Of note, in this experiment knockdown of MUC1 expression had little effect on PAK-induced IL-8 levels in the absence of TGN due to the relatively longer time of bacterial treatment required for increased MUC1 expression (maximum levels at 48 h post- TGN increases PPAR␥-binding to the MUC1 gene promoter. The mouse Muc1 gene promoter contains a putative PPAR␥ response element, and PPAR␥ increased Muc1 mRNA levels in mouse trophoblast stem cells (52) . To identify the relationship, if any, between human MUC1 and PPAR␥, we first analyzed the 5=-flanking region of the human MUC1 gene. A potential PPAR␥-binding element in the MUC1 promoter, 5=-AGGTGACAGGTGA-3=, was identified between nucleotides Ϫ84 and Ϫ73 relative to the transcription start site based on homology with the mouse sequence. This element is 84.6% identical to the PPAR-binding consensus sequence, 5=-AGGT-CANAGGTCA-3= (N, any nucleotide; identical nucleotides underlined; Ref. 52). Two approaches were used to determine whether PPAR␥ binds to this potential binding element in airway epithelial cells. First, A549 cells were incubated for 24 h with various concentrations of TGN or with DMSO control, and nuclear extracts were probed by EMSA with a synthetic oligonucleotide corresponding to the MUC1 promoter sequence between nucleotides Ϫ93 to Ϫ66 and covering the putative PPAR␥-binding element. TGN-treated cells contained an oligonucleotide-binding band that was not present in the extracts of DMSO-treated cells (Fig. 6A, arrow) . The intensity of this band increased with increasing concentrations of TGN. Moreover, its intensity was substantially reduced in the presence of a 100-fold molar excess of the unlabeled (cold) oligonucleotide with an identical DNA sequence but not by a negative control oligonucleotide with identical DNA composition but a scrambled probe sequence. In the second approach, A549 cells were transiently transfected with expression plas- fmol of a biotinylated oligonucleotide probe identical in sequence to nucleotides Ϫ93 to Ϫ66 of the MUC1 promoter and corresponding to the putative PPAR␥ binding element in the presence of a 100-fold molar excess of the unlabeled oligonucleotide of identical sequence to the labeled probe (ϩ), or in the presence of a 100-fold molar excess of an unlabeled oligonucleotide with identical nucleotide composition but scrambled probe sequence (Ϫ). DNAprotein complexes were resolved on a 5.0% polyacrylamide gel, blotted to PVDF membrane, probed with streptavidin-labeled horseradish peroxidase, and enhanced chemiluminescence reagents, and visualized using a LAS-3000 imaging system. Arrow indicates the position of the labeled probe binding to the PPAR␥/retinoid X receptor-␣ (RXR␣) protein complex. B: A549 cells were transiently transfected with expression plasmids encoding human PPAR␥ and/or human RXR␣ or with the pcDNA3.1 empty vector. At 24 h posttransfection, the cells were treated with the indicated concentrations of TGN, or with DMSO vehicle control. Cells were lysed and nuclear extracts (10 g) were incubated with the biotinylated oligonucleotide probe in the presence of a 100-fold molar excess of the unlabeled oligonucleotide of identical sequence (ϩ) or an oligonucleotide with identical nucleotide composition but scrambled probe sequence (Ϫ). Other nuclear extracts were incubated in the presence of 1.0 g of an antibody against human PPAR␥. DNA-protein complexes were analyzed as above. Arrow indicates the position of the labeled probe binding to the PPAR␥/RXR␣ protein complex. mids encoding the PPAR␥ and/or RXR␣ transcription factors or the pcDNA3.1 empty vector control, the cells were treated with TGN or with DMSO control, and nuclear extracts were probed with the oligonucleotide corresponding to the potential PPAR␥-binding element in the MUC1 promoter. Cotransfection with PPAR␥ plus PXR followed by incubation with 0.1 or 1.0 M TGN dramatically increased the intensity of the oligonucleotide-binding band, compared with DMSO-treated cells (Fig. 6B, arrow) . The intensity of this band was decreased in the presence of an excess of the unlabeled oligonucleotide but not by the negative control oligonucleotide with a scrambled sequence. Further, the intensity of the oligonucleotidebinding band was noticeably reduced by incubation of the nuclear extract with a PPAR␥-neutralizing antibody. Taken together, these data suggest that PPAR␥ is a TGN-inducible protein in the nuclear extract of A549 cells that specifically binds to the presumed PPAR␥-binding site in the MUC1 promoter.
TGN stimulates MUC1 expression through PPAR␥. Finally, to establish whether TGN alters MUC1 promoter activity, A549 cells were transiently transfected with a MUC1 promoterluciferase reporter gene (MUC1-pGL2b) or the empty pGL2b vector as a negative control, incubated for 24 h with TGN, or DMSO vehicle control, and relative luciferase activity was measured. As shown in Fig. 7A , TGN treatment dose dependently increased luciferase activity in the MUC1-pGL2b-transfected cells, but not in pGL2b-transfected cells, compared with the DMSO control. Similarly, TGN treatment of A549 cells increased the levels of MUC1 transcripts compared with DMSO-treated cells, although in this case the effect of 0.1 M of the PPAR␥ agonist was greater than that of 1.0 M (Fig. 7B) . Finally, TGN treatment increased MUC1 protein levels in both dose-and time-dependent manners (Fig. 7, C-F) .
DISCUSSION
In this study, we demonstrate that 1) PMA stimulates TNF-␣ production by A549 and primary MTSE cells, 2) manipulation of human or mouse MUC1/Muc1 expression inversely correlates with PMA-stimulated TNF-␣ levels in cell culture media, 3) the PPAR␥ agonist TGN inhibits PMA-induced TNF-␣ levels as well as PAK-induced IL-8 levels, 4) a functional PPAR␥-binding site exits in the MUC1 promoter, and 5) TGN stimulates the expression of MUC1 transcriptionally and translationally. While the effects of MUC1 overexpression ( Fig. 2A) and Muc1 gene mutations (Fig. 2B) on PMA-stimulated TNF-␣ levels were modest, the observed differences were statistically significant and reproducible. Since TGN induces MUC1 and its anti-inflammatory effect (suppression of PMA-induced TNF-␣ release) was completely abrogated in MUC1-deficient cells, the relatively mild effects of MUC1 appear to be due to insufficient levels of MUC1 ( Fig. 2A) and near-maximal stimulation by PMA (Fig. 2B) . By comparison, the requirement for MUC1/Muc1 in the ability of TGN to suppress PMA/PAKstimulated TNF-␣/IL-8 levels in both MTSE cells and A549 cells (Figs. 4 and 5) suggests a link between the MUC1/Muc1-and PPAR␥-signaling pathways. To our knowledge, this is the first report demonstrating a functional relationship between PPAR␥ and MUC1, two anti-inflammatory molecules expressed in the lung.
PMA is a potent tumor promoter that activates PKC in multiple cell types (39) . A review of the literature reveals evidence to suggest that PMA induces proinflammatory cytokine production by A549 and BEAS-2B airway epithelial cells through a PKC/NF-B-dependent mechanism (1, 2, 21) . Given that PPAR␥ negatively regulates inflammation by blocking the action of inflammatory transcription factors, including NF-B (12), we hypothesize that PPAR␥ antagonizes PMA-induced TNF-␣ production by inhibiting NF-B. The demonstration of a PPAR␥-binding element in the human and mouse MUC1/ Muc1 promoters, both in this and a previous report (52) , further suggests that PPAR␥ may indirectly block NF-B through MUC1/Muc1. In agreement with this proposition, increased expression of MUC1 in epithelial cells diminishes NF-B activation (17) . Further support for a relationship between PPAR␥ and MUC1 comes from the observed stimulation of MUC1 promoter activity, increased MUC1 mRNA levels, and enhanced MUC1 protein levels by TGN, compared with the DMSO control, although the observed TGN-MUC1 dose response suggests a complex effect. The fact that MUC1 transcript levels were decreased with 1.0 M TGN, while MUC1 promoter activity and protein levels were increased at this concentration, compared with the 0.1 M dose, suggests a possible effect of TGN on MUC1 mRNA and/or protein stability. It is possible that TGN activates MUC1 gene transcription while simultaneously increasing MUC1 mRNA turnover, decreasing MUC1 protein degradation, or both, in a dose-dependent manner. While our previous studies (30) demonstrated that another mucin-stimulating agonist, neutrophil elastase, increased MUC1 expression without affecting mRNA or protein turnover, TGN has been reported to alter the stability of nonmucin transcripts (3, 42, 60, 61) . Ongoing studies in our laboratory are designed to test these hypotheses.
The PPAR␥ response element is highly conserved among species and up-or downregulates a variety of genes depending on cell type. The presence of a putative PPAR␥ response element in the MUC1 promoter was first suggested by Kovarik et al. (29) in which an E-box, referred to as E-MUC1 and located between nucleotides Ϫ84 and Ϫ64 relative to the ATG start site, was shown by mutational analysis to play a critical role in MUC1 transcription in ZR-75 (breast) and HPAF (pancreatic) cancer cell lines. Subsequently, the E-MUC1 sequence was shown to be identical to a functional PPAR␥ response element (52) . In cultured human airway epithelial cells, PPAR␥ activation suppressed the expression of proinflammatory cytokines, including TNF-␣, IL-8, inducible nitric oxide synthase, and monocyte chemotactic protein-1 (44) . In an ovalbumin sensitization and challenge murine model, PPAR␥ synthetic ligands, TZDs, attenuated the expression of proinflammatory cytokines and decreased the number of inflammatory cells in BAL fluid (23, 26) . These results coincide with our previous report (40) that, compared with Muc1
Ϫ/Ϫ mice had increased levels of TNF-␣ and keratinocyte-derived chemokine, as well as greater numbers of infiltrating neutrophils in BAL fluid following experimental P. aeruginosa lung infection. Additionally, in human airway epithelial cells, knockdown of MUC1 expression by RNA interference resulted in a greater increase in TNF-␣ levels in cell culture supernatants following respiratory syncytial virus infection, compared with control siRNA treatment (36) . Together, these combined data suggest a functional relationship among PPAR␥ and MUC1 as anti-inflammatory molecules in the airways that is further supported by the results of the current investigation. Additional studies will be required to delineate the relationship, if any, between PPAR␥, MUC1, and any of the other anti-inflammatory components that have been documented to operate in the airways, such as lipoxin A (7), resolvin (18), IL-10 (43), aryl hydrocarbon hydroxylase (54) , and prostacyclin (62) .
The identification of a MUC1 transcriptional mechanism induced by PPAR␥ corroborates and extends prior work that revealed that the MUC1 promoter, in addition to a PPAR␥ responsive element, contains 5 putative NF-B and 10 potential Sp1-binding sites (28) . Several of these sites have been shown to mediate the response of normal and cancer epithelial cells to various inflammatory stimuli. Lagow and Carson (33) reported that combined treatment of T47D human breast cancer cells and normal human mammary epithelial cells with IFN-␥ and TNF-␣ induced MUC1 transcription through binding of NF-B to the MUC1 promoter at a potential NF-B site at nucleotides Ϫ589 to Ϫ581. Binding of Sp1 to the MUC1 promoter at a Ϫ99/Ϫ90 site was involved in neutrophil elastase-and TNF-␣-stimulated MUC1 expression in human airway epithelial cells (28, 30, 31) . Finally, our previous studies (34) identified a positive regulatory element, located between nucleotides Ϫ555 and Ϫ252, as well as a negative regulatory element, between nucleotides Ϫ1,652 and Ϫ1,615, of the hamster Muc1 5=-untranslated region. By EMSA analysis, the yin yang 1 (YY1) transcription factor was shown to bind to the Muc1 putative negative element. A subsequent report (19) , however, demonstrated that whereas overexpression of YY1 upregulated the transcriptional activity of the Muc1 promoter, deletion of the negative element did not abrogate this YY1-dependent activity. Nonetheless, it can be suggested that the presence of multiple, functionally active transcriptional elements (positive and negative) in the MUC1 promoter imparts a complex and tightly controlled regulation of MUC1 gene expression, depending on such factors as cell type, stimulatory conditions, and the presence/absence of transcriptional coactivators or corepressors. The results of the current study now add another level of complexity to this subject.
